The Gippsland Water Factory (GWF) is being implemented to reclaim domestic and industrial (pulp and paper) wastewater to provide a reliable and sustainable industrial water supply, replacing the high quality raw water currently provided by Gippsland Water. A grassroots facility, the GWF will process domestic wastewater by preliminary treatment, primary sedimentation, membrane bioreactor (MBR) nutrient removal activated sludge, and reverse osmosis (RO). Domestic primary and waste activated sludge and industrial wastewater is treated in anaerobic reactors (ARs) (lagoons) prior to biological treatment via MBR. Significant H 2 S is produced in the ARs and is oxidized to elemental sulfur in the aerobic MBR by controlled oxidation. In Stage 2 of the GWF the industrial wastewater will be reclaimed using nanofiltration and RO. Extensive pilot testing supported design of the ARs and industrial MBR. Development of the GWF was based on multi-criteria analysis to create an innovative and sustainable solution. Innovative features in addition to those already mentioned include biological sulfur removal from the AR biogas and odor control which includes treatment of off-gases in the biological reactor followed by two-stage biological treatment.
INTRODUCTION
Gippsland Water (GW) provides water and wastewater services to domestic and industrial customers in the Latrobe River Valley East of Melbourne, Victoria, Australia and stretching to the Pacific Ocean. The principal water supply is high quality surface water originating in the catchment, as illustrated in Figure 1 . Wastewater service has historically been provided by the Regional Outfall Sewer (ROS) which is an approximately 90 km conveyance which transports domestic and industrial wastewater to an aerated lagoon treatment system (Dutson Downs) located near the Pacific coast and from there to an ocean outfall, as also illustrated in Figure 1 . Most of the population and industry is located in the western portion of the GW service area, so the ROS carries most of the wastewater generated its entire length.
The average travel time for wastewater in the ROS is 3 days and, because of its high strength and warm tempera- The GWF will treat domestic and industrial wastewater generated in the GW service area, including flows from AP, and reclaim them to serve as the added water supply needed for the AP expansion. As a result, a reduced flow of highly treated effluent will be discharged to the ROS, thereby prolonging the life of this asset and mitigating odor emissions from it. A sustainable water supply is provided by replacing raw water that would have to be supplied to AP while solving asset life, hydraulic capacity, and odor emission issues associated with the ROS.
Reclaimed water provided to AP must meet the high quality of the raw water currently provided by GW to the AP raw water reservoir (Pine Gully Reservoir), as listed in Table 1 . As illustrated in Figure 2 , the GWF is designed to receive 16,000 m 3 /day of domestic wastewater and reclaim it in a treatment train consisting of preliminary treatment (not shown), primary sedimentation, membrane bioreactor (MBR) activated sludge treatment incorporating biological nutrient removal (BNR), and chloramination followed by reverse osmosis (RO). This results in 8,000 m 3 /day of high quality reclaimed water delivered to AP at their Pine Gully raw water reservoir. Nineteen thousand cubic meters per day of AP wastewater receives anaerobic treatment in the anaerobic reactors (ARs), along with domestic primary sludge (PSD) and waste activated sludge (WAS) prior to biological treatment in a parallel MBR. In Stage 1 of the GWF treated AP wastewater, along with domestic RO reject and the portion of municipal MBR effluent which is not reclaimed, is diverted to the ROS. In Stage 2 of the GWF the AP MBR effluent will be reclaimed using nanofiltration (NF) refine the nutrient removal design of the domestic MBR (design objectives of 4 mg/L total nitrogen -TN and 1 mg/L total phosphorus -TP) would be desirable. However, a representative sample of the combined domestic wastewater was not available during plant design because part of the project involved collection and conveyance of domestic wastewater as a single source to the GWF (domestic wastewater was previously added to the ROS at various points along it). Extensive bench-and pilot-scale testing was conducted over a more than 4 year period to develop the AP wastewater treatment train. This paper will summarize these investigations, along with process analyses leading to development of the GWF. Details of the plant design will also be presented. circular tanks operated in series with an operating volume of 35,000 L each for a total working volume of 105,000 L.
Heating to maintain an operating temperature of 35 W C was provided to account for the heat loss occurring with exposed tanks. The design flow was 40 L/min, resulting in Table 3 summarizes influent (AP) wastewater characteristics, pilot MBR performance, and operating data for the period without anaerobic pre-treatment and indicates that the removal of biodegradable organic matter, as represented by 5-day biochemical oxygen demand (BOD 5 ), was essentially complete.
RESULTS AND DISCUSSION
Removal of particulate matter was also essentially which occurs at the top of the bundle due to the effect of membrane aeration. While different from typical membrane fouling, 'clumping' as illustrated in Figure 4 was periodically observed throughout the pilot testing program, as described below.
Foulant material was removed and subjected to sequen- COD ratio approximately 0.75). As described below, it was also desirable to reconfigure the pilot plant into two parallel trains. Consequently, the anaerobic pre-treatment pilot was reconfigured as described above and as depicted in Figure 3 .
Building on initial results, the Phase 2 and 3 program revolved mainly around the critical linkages in this system between sulfur and COD. Key findings include the following:
• Around 20% of influent COD is bio-refractory, and is not removed either anaerobically, aerobically, or in • Similar amounts of particulate COD enter and exit the ARs. Given inherent measurement errors, it was considered likely that much of the unaccounted for portion of influent COD (which ranged from 5 to 10% of the influent COD) accumulated as solids in the reactor.
Direct quantification of this solids accumulation was not possible given the relatively small quantities involved.
• One third to one half of the influent biodegradable soluble COD is converted to dissolved hydrogen sulfide through reduction of influent sulfate. The reactor effluent sulfide concentrations ranged from 150 to 250 mg/L (as H 2 S) and represented over half, sometimes three quarters, of the non-biodegradable COD exiting the anaerobic process and requiring treatment in the MBR (H 2 S is oxidized in the COD analysis and appears as COD).
• From 10 to 15% of the influent biodegradable COD is converted to methane, but because of the low HRT (around 1.5-2 days) and relatively low methane yield, up to half the methane produced remains in solution and is 'washed' out of the reactor as dissolved methane.
• COD conversion proceeds along several competing pathways, with carbon dioxide, methane, sulfide and biosolids (presumed by difference) as the end products of anaerobic treatment.
• Although methane formation appeared to cease below around 23 W C, sulfide formation was more resilient and, although limited data were generated in the temperature range below 20 W C, there is sufficient evidence that sulfate reduction (i.e. COD conversion to sulfide) continues readily at temperatures across the observed operating temperature range of 15-35 W C. This permits adequate treatment of dissolved organics without need for temperature controla key benefit of this process.
• Successful operation of the anaerobic process at well above design hydraulic loadings was demonstrated.
• Operation of anaerobic treatment using fermented PSD feed was demonstrated. This was also shown to yield improved treatment performance from the standpoint of residual COD in the reactor effluent.
• With so much sulfide formation, which represents an immediate oxygen demand of up to 2 g BOD per 1 g sulfide, a novel sulfide treatment method with a much lower oxygen usage (0.5 g oxygen per 1.0 g sulfide) was explored. Trials of this new process (known within the project as the 'H 2 SO x ' process) demonstrated that up to 90% sulfide reduction with about 75% less oxygen transfer than normally required is possible.
This process was a topic for further study during the Phase 4 trials. While planning for Phase 4 pilot work was primarily focused on methods for removal of the refractory organics in the MBR filtrate, an additional trial was devised to test a novel aeration strategy. The strategy was to create a first stage in the aerobic reactor with tightly controlled, but very low, DO levels. Control of aeration to maintain an oxidation-reduction potential (ORP) of -275 mV proved to be the most effective control measure. It was intended that creation of these conditions would facilitate direct precipitation of elemental sulfur along the lines of the following reactions:
The net result is that oxygen requirements would be reduced from 2 to 0.5 g O 2 /g H 2 S. It was also realized that the creation of conditions that would enable these outcomes would also be conducive to proliferation of sulfur accumulating bacteria that promote the same thermodynamic result, i.e. bacterial sulfur accumulation in the biomass ( Jenkins et al. ) .
H 2 SO x reaction efficiency was assessed by measurement of total sulfur before and after H 2 SO x treatment and calculating the mass of sulfur that was 'missing' from the mass balance. This approach was used because a simple analytical method for determining the elemental sulfur concentrations in the MBR ML was not available.
Attainment of stable control of the H 2 SO x reactor, which requires precise oxygen dosing (note that a stoichiometric ratio of oxygen and sulfide was being sought), proved quite difficult to both measure and maintain. Consequently, process performance was variable, partly due to needing to find the optimum control strategy for the reactor and also because the reactor itself was very rudimentary. However, it was found that up to about 50% 'missing sulfur' could be attained. While the economic value of this result is obvious (only one quarter of the oxygen demand for the H 2 S oxidized to elemental sulfur compared to oxidation to sulfate), it was also noted that CST in the test MBR was generally much lower than in the control reactor (which was aerated in the same manner as in Phase 3).
The benefit of this reduced CST was noted during routine visual inspection of the membrane modules in each MBR; the membrane module operating with the H 2 SO x treated ML was found to be generally much cleaner than the other membrane unit, as shown in Figure 5 . As noted earlier, the main focus of test effort in Phase 4 was to demonstrate a method for removal of refractory dissolved organic carbon (rDOC). These trials and overall results are described below.
Development of AP MBR effluent treatment approach
A large number of potential technologies for removing non- 
Development of the GWF
In addition to the bench-scale and pilot-scale testing described above, definition of the GWF process was based on extensive process analysis and a decision process based on multi-criteria analysis (Levi et al. ) . The objective was to develop the most sustainable facility possible considering the available and evolving technology. The high level criteria used for these evaluations and their respective weighting were as follows:
• GHG burden -30% • Solids production, wastes -30%
• Solids reuse -30% • Land and heritage impacts/risks -10% Figure 2 summarizes the general process flow schematic, while Table 7 provides The AR provides pre-treatment of the AP wastewater and also thickens, digests, and stores domestic PSD and WAS. AR effluent is then treated in the industrial bioreactor, which incorporates the H 2 SO x process for oxidation of H 2 S to elemental sulfur, thereby reducing the associated oxygen demand by a factor of four compared to oxidizing it fully to sulfate. The nominal membrane flux at the design flow of 19,000 m 3 /day is 13.7 L/m 2 -hr. Industrial WAS is sent directly to dewatering (rather than back to the ARs) to Figure 6 presents an aerial photo of the completed facility, highlighting the principal unit processes as summarized in Figure 2 and Table 7 . 
CONCLUSIONS
In summary, the GWF was developed based on extensive bench-scale and pilot-scale testing and process analysis based on multi-criteria analysis to develop the most sustainable solution based on currently available and developing technology. The objective is to treat domestic and industrial (pulp and paper wastewater from AP) and reclaim it to provide a reliable and sustainable water resource to replace the high quality raw water currently provided by GW to local industry. The design is based on treating 16,000 m 3 /day of domestic wastewater (40,000 m 3 /day peak wet weather) and 19,000 m 3 /day of industrial (AP) wastewater. The domestic treatment train consists of primary sedimentation followed by BNR MBR and RO prior to conveying the reclaimed water to Pine Gully Reservoir, which is the raw water supply for AP. Domestic primary and WAS and AP wastewater are anaerobically pre-treated prior to MBR treatment and discharge. In the event that Stage 2 of the GWF is constructed, the industrial MBR effluent will be reclaimed using NF and RO. The Stage 1 facility and associated wastewater conveyance facilities have been constructed and are being commissioned.
These results demonstrate the technical feasibility of reclaiming domestic and industrial wastewater to provide a reliable, sustainable, and economic water supply to augment surface water for industrial uses. They also demonstrate the existing and evolving technologies available to develop effective and sustainable water reclamation solutions.
